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Key gene families such as FGFs and BMPs are important mediators of branching morphogenesis. To understand whether Wnt genes, and
in particular, the canonical Wnt signaling pathway also function in the branching process, we have used a combination of experimental and
genetic gain and loss of function approaches to perturb the levels of canonical Wnt signaling in two arborized structures, the lung and the
lacrimal gland. Here, we show that the addition of Wnt3a conditioned medium or LiCl strongly represses growth and proliferation of the lung
and lacrimal gland, a result that was confirmed in vivo using a dominant stable mutation of h-catenin conditionally expressed in the lacrimal
gland epithelium. In agreement with these data, knockdown of Wnt signaling with h-catenin morpholinos results in a greater number of
branches and increased cell proliferation. In addition, we show that canonical Wnt signaling is able to modulate the levels of Fgf10 and
suppress BMP-induced proliferation in the lacrimal gland. Thus, canonical Wnt signaling negatively regulates branching morphogenesis
providing a balance to FGFs and BMPs which positively regulate this process. This multilayered control of growth and proliferation ensures
that branched structures attain the morphology required to function efficiently.
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Branching morphogenesis is the process by which many
different glands and organs such as the lung, kidney,
prostate and lacrimal gland ensure rapid growth from a
simple epithelial bud to a large tree-like structure consisting0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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Avenue, PO Box 6511, Aurora, CO 80045-0511, USA.of many fine branches. This process of growth ensures that
maximum surface area is established in the minimum space,
thereby ensuring greatest efficiency in functions such as air
or fluid exchange or secretion. Branching morphogenesis
depends on reciprocal signaling between the epithelium and
its surrounding mesenchyme. The mesenchyme secretes
soluble signals that elicit branching of the epithelium as
demonstrated by studies of development of the lung, kidney
and lacrimal gland (Davies and Davey, 1999; Makarenkova
et al., 2000; Shannon, 1994). Most studies of branching
morphogenesis have focused on the molecular signals that
induce or prevent epithelial growth however, it is equally
important to understand the signaling mechanisms that
direct mesenchyme development since it is the interactions86 (2005) 270 – 286
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morphogenesis. For example, it has recently been shown
that growth factors secreted from lung epithelial tissue
layers can induce differentiation and proliferation of the
mesenchyme (Weaver et al., 2003).
Despite the diverse functions of the glands and organs
that develop by branching morphogenesis, it is becoming
clear that there is a set of key gene families that drive this
process, and these are common to many branched systems
(Davies, 2002). For example, the lacrimal gland, which
produces secretions needed to keep the cornea healthy,
develops by branching morphogenesis in a manner that is
highly analogous to that of the lung. In the lung and lacrimal
gland, members of the fibroblast growth factor (FGF) and
bone morphogenetic protein (BMP) families have conserved
functions. Perhaps the best studied of these genes critically
required for branching morphogenesis is FGF10. FGF10
produced by the mesenchyme acts on its receptor in the
adjacent epithelium to promote epithelial growth and
proliferation (Arman et al., 1999; Bellusci et al., 1997;
Makarenkova et al., 2000; Ohuchi et al., 2000; Sekine et al.,
1999).
BMPs are also key regulators of branching morpho-
genesis. In the kidney, BMP7 promotes growth and survival
of the metanephric mesenchyme. BMP7-null mice have
hypoplastic kidneys as well as deficiencies in submandib-
ular gland and lacrimal gland branching morphogenesis
(Dean et al., 2004; Dudley et al., 1995; Jaskoll et al., 2002).
Another BMP member, BMP4, regulates branching mor-
phogenesis of the prostate, kidney and lung (Bellusci et al.,
1996; Lamm et al., 2001; Raatikainen-Ahokas et al., 2000).
In cultures of lung endoderm denuded of mesenchyme,
BMP4 suppresses branching of the endoderm, and it appears
to do so by modifying the proliferative response to FGF10
(Weaver et al., 2000). However, other studies have shown
that, in explant cultures, where both endoderm and
mesenchyme are present, BMP4 actually promotes branch-
ing and proliferation of the lung endoderm (Shi et al., 2001).
The differing response of the endoderm to BMP4 depending
on the presence or absence of mesenchyme highlights the
complexity of the process of branching morphogenesis and
the importance of understanding the responses of both the
epithelium and the mesenchyme to a particular signal.
Members of the family of Wnt secreted glycoproteins are
expressed at many sites of epithelial–mesenchymal inter-
actions, and they have been shown to be required for
branching morphogenesis of such diverse systems as the
Drosophila trachea and the mammalian kidney (Dressler,
1999; Ghabrial et al., 2003). Several Wnt genes are
expressed in the lung: these include Wnt2, Wnt2b, Wnt5a
and Wnt11 in the mesenchyme and Wnt5a and Wnt7b in the
epithelium (Bellusci et al., 1996; Gavin et al., 1990; Lako et
al., 1998; Pepicelli et al., 1998; Zakin et al., 1998). Despite
evidence from systems such as the kidney that Wnts are key
regulators of branching morphogenesis, their role in lung
development is not well understood. Recent studies invol-ving deletion of Wnt5a and of Wnt7b demonstrate a
requirement for Wnt5a in distal lung development and for
Wnt7b in proliferation and vascularization of the lung (Li et
al., 2002; Shu et al., 2002). Wnts have been implicated in a
variety of different diseases of the lung, including pulmo-
nary fibrosis and cancer (Chilosi et al., 2003; Morrisey,
2003; Sunaga et al., 2002; Uematsu et al., 2003a; Uematsu
et al., 2003b). In addition, examination of the consequences
of hyperactive Wnt signaling in lung progenitors points to a
role for abnormal Wnt signaling in intestinal metaplasia
(Okubo and Hogan, 2004).
Wnt signaling can be mediated via several different
intracellular signaling pathways, the best studied of which is
the canonical pathway. This involves the accumulation of h-
catenin in the cytoplasm which subsequently translocates to
the nucleus where it interacts with members of the TCF/LEF
family of transcription factors to regulate the expression of
downstream target genes (reviewed in Wodarz and Nusse,
1998, Moon et al., 2002). Because of its essential role in
downstream signaling, manipulation of h-catenin levels
provides an effective method of analyzing the function of
canonical Wnt signaling. Targeted deletion of h-catenin
results in embryonic lethality, prior to lung and lacrimal
gland development (Huelsken et al., 2000), although recent
experiments involving the conditional deletion of h-catenin
in the lung epithelium demonstrated a reduction in the
number of branches formed as well as an absence of distal
cell markers (Mucenski et al., 2003). However, it must be
borne in mind that analyses of the function of Wnt signaling
involving deletion of h-catenin are complicated by the fact
that h-catenin is also a key component of adherens junctions
where it binds to cadherins and provides a link to the
cytoskeleton via a-catenin (Butz and Kemler, 1994; Nieset
et al., 1997).
Using both gain and loss of function techniques, we have
sought to understand the function of canonical Wnt signa-
ling in branching morphogenesis and its relationship to
other known regulators of this process. We have used two
models of branching morphogenesis, the lung and lacrimal
gland, to study canonical Wnt function. Our results show
that canonical Wnt signaling inhibits branching morpho-
genesis. We find that Wnt signaling occurs throughout the
most active branching phase of lung development and that
many of the same Wnts are expressed in both the lung and
the lacrimal gland, suggesting the possibility of conserved
functions for these genes in branching systems. Stimulation
of the canonical Wnt signaling pathway with either Wnt3a
conditioned medium or lithium chloride decreases the
number of epithelial branches, indicating that Wnts are
potent inhibitors of branching morphogenesis. We subse-
quently confirmed this result using a dominant stable h-
catenin allele conditionally expressed in the lacrimal gland
epithelium. Conversely, use of morpholino antisense oligo-
nucleotides to knock down the signaling function of h-
catenin in both the epithelium and mesenchyme, without
gross effects on the adherens junctions, results in an
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gland explant cultures. Moreover, we show that canonical
Wnt signaling is able to suppress the activities of FGF10
and BMP7, both of which are positive regulators of
branching morphogenesis. We propose a model whereby
canonical Wnt signaling acts as a repressor of growth and
proliferation, thus providing an additional layer of control to
precisely regulate epithelial branch shape and size.Materials and methods
RT-PCR
RNA was extracted using Trizol (Invitrogen) from E15,
E18 and newborn whole lacrimal gland and subjected to
DNAse treatment to remove any genomic DNA. cDNAwas
transcribed using the 1st strand cDNA synthesis kit (Roche).
Lacrimal gland cDNA was then subjected to RT-PCR for
individual Wnts using previously published primer sequen-
ces and annealing temperatures (Lako et al., 2001). Products
were run on 2% agarose gels containing ethidium bromide
for visualization. The abundance of each Wnt product was
scored subjectively according to the intensity of the bands,
more + marks signify higher intensity (see Table 1). For
semi-quantitative RT-PCR, equal amounts of mRNA as
measured with a nanodrop spectrophotometer were reverse
transcribed into cDNA as above. cDNAwas then quantified,
and 700 ng of each was used in subsequent RT-PCR
reactions. Simultaneous reactions were carried out using
primers for both Fgf10 (forward—GCTCTTGGTCAGGA-
CATGGT; reverse—CTGACCTTGCCGTTCTTCTC) and
Gapdh (forward—ACCCAGAAGACTGTGGATGG;
reverse CACATTGGGGGTAGGAACAC) with an anneal-
ing temperature of 55-C for 32 cycles.
X-gal staining and explant cultures
Lungs were isolated from TOPGAL or Wnt responsive
reporter mice (kindly provided by Elaine Fuchs and
Daniel Dufort respectively) and either immediately sub-
jected to X-gal staining using established protocols (SongTable 1
Comparison of Wnt genes expressed in lung and lacrimal gland
Wnt Lung Lacrimal gland
Wnt2 (c) Bellusci et al. (1996) +++
Wnt2b? Zakin et al. (1998) +++
Wnt3 (c) +
Wnt4 (nc) Not expressed
Wnt5a (nc) Gavin et al. (1990) +
Wnt7a (c) ++
Wnt7b (nc) Pepicelli et al. (1998) ++
Wnt11 (nc) Lako et al. (1998) Not expressed
Wnts are classified as either canonical (c) or non-canonical (nc).
RT-PCR analysis revealed expression of Wnt mRNAs in the lacrimal gland.
More + marks signifies higher intensity bands.et al., 1996) or were X-gal stained following culture. For
sections, Wnt responsive reporter lungs were subsequently
paraffin embedded, and 4 AM sections were cut and
counterstained with nuclear fast red. Explant cultures were
prepared by excising tissue from embryos just prior to the
onset of branching morphogenesis, E11.5 for lungs and
E15.5 for lacrimal gland. Explants were cultured in 4-well
dishes (Nunc) on polycarbonate nucleopore membranes
(Millipore) floating in BGJb medium (Gibco) containing
0.2 mg/ml ascorbic acid (Sigma) and penicillin–strepto-
mycin (Sigma) for 48 h at 37-C with 5% CO2. For
knockdown experiments, fluorescently tagged control
(CCTCTTACCTCAGTTACAATTTATA) or h-catenin
(CATCAGGTCAGCTTGAGTAGCCATT) morpholinos
(Gene Tools) were added to wells to give a final
concentration of 10 AM. Morpholinos penetrated the
epithelium and the mesenchyme of lung and lacrimal
gland explant tissue as visualized by staining sections
with an anti-fluorescine antibody at 24 and 48 h post-
explant. Wnt conditioned medium was prepared by
culturing Wnt3a secreting L-cells or control L-cells in
the presence of DMEM containing 10% FCS. Cells were
seeded at a density of 1  104 in 25 cm2 flasks and
cultured for 48 h, after which the medium was removed,
spun at 1000 rpm for 5 min and filtered through 2 AM
sterile nucleopore filters into BSA coated tubes. Con-
ditioned medium was stored at 20-C until required.
Lithium chloride (Sigma) was added to cultures to give a
final concentration of 20 mM.
In situ hybridization
7 AM polyester wax (Polysciences Inc.) sections from
control morpholino and h-catenin morpholino treated
lacrimal glands were prepared and mounted on the same
slides. Separate slides were prepared with sections from
wild-type, single deletion of h-catenin (flx/+) and h-catenin
morpholino treated lacrimal glands. FGF10 cRNA probe
(Bellusci et al., 1997) was transcribed using Dig RNA
labeling mix (Roche). The slides were processed for RNA in
situ hybridization as described in Rex et al. (1997) and Rex
and Scotting (1994). Wholemount in situ hybridization of
lacrimal glands was carried out as described in Dean et al.
(2004) using a Wnt2 probe provided by A. McMahon.
Antibodies and immunostaining
Following 48 h in culture, tissue was fixed for 15 min
in 4% paraformaldehyde (PFA) at RT; 7 AM polyester
wax sections were cut and mounted onto slides. For
sections through h-catenin flx/flx and wild-type litter-
mates, 10 AM cryosections were prepared, and immunos-
taining was carried out as described previously (Dimanlig
et al., 2001). Polyester wax sections and wholemounts
were blocked for 30 min–1 h in PBST [PBS containing
1% BSA (Sigma) and 0.2% Triton X-100 (Sigma)].
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mouse anti-pan-cytokeratin (Sigma clone C-11), 1:200;
rabbit anti-pan-cadherin (Sigma), 1:400; mouse anti-h-
catenin (Sigma), 1:400; rabbit anti-Pax6 (Covance),
1:1000; mouse anti-plakoglobin (Zymed), 1:50; rabbit
anti-phospho-histone H3 (Upstate Cell Signaling) 1:1000.
All incubations were carried out at 4-C overnight.
Antibodies were detected by incubation for 45 min with
either anti-mouse Cy3, anti-rabbit Cy2 or anti-rabbit Texas
red (Jackson ImmunoResearch Labs.) all diluted 1:250 in
TBST. For proliferation assays, all nuclei were revealed
by incubation with Hoechst dye 1:250 in TBST for 15
min or with Vectashield containing DAPI (Vector labo-
ratories Inc.). For Nile blue staining, embryos were
perfusion fixed with 4% paraformaldehyde and then
placed in 4% PFA at 4-C overnight prior to incubation
in Nile blue at RT for 20 min.
b-catenin floxed mice generation and genotyping
We employed a Cre-loxP strategy to either conditionally
eliminate h-catenin or to express a dominant stable form of
h-catenin in the conjunctival epithelium, prior to the
formation of the primary bud of the lacrimal gland
(Ashery-Padan et al., 2000). To eliminate h-catenin, mice
possessing loxP sites in introns 1 and 6 of the h-catenin
gene [Catnbtm2Kem (Brault et al., 2001)] were crossed with
Le-Cre mice expressing Cre-recombinase under the control
of the Pax6 ectoderm enhancer (Kammandel et al., 1999;
Williams et al., 1998) to generate mice that were either
null for both copies of h-catenin (flx/flx) or for only a
single copy of h-catenin (flx/+). These were compared
with littermates which retained both copies of h-catenin
(+/+). Embryos were sacrificed at either E16.5 (data not
shown) or E18.5, and lacrimal glands were excised and
examined. For sections, flx/flx and +/+ littermates were
excised at E13.5 (data not shown) and E16.5, and 10 AM
cryosections were prepared. Sections were subjected to
immunostaining for either plakoglobin or the lacrimal
gland epithelial marker, Pax6, and were additionally
labeled with phalloidin and Hoechst for visualization.
Genotyping of these mice was carried out using primer
sequences as indicated in Brault et al., 2001. To express a
dominant stable form of h-catenin in the lacrimal gland
epithelium, Le-Cre mice were crossed with mice contain-
ing LoxP sites on either side of exon 3 [Catnblox(ex3)
(Harada et al., 1999)]. This resulted in the removal of
exon3 and subsequently an inability of GSK3-h to
phosphorylate h-catenin, thereby preventing it from being
degraded. Lacrimal glands were dissected from post-natal
day 2 (P2) mice expressing the stabilized form of h-catenin
[lox(ex3)] mice and compared to wild-type littermates
(+/+). Genotyping was carried out using primer sequences
as indicated in Harada et al. (1999). Genomic DNA was
extracted from yolk sacs using phenol-chloroform and
subjected to the following PCR conditions: 95-C 4 minfollowed by 27 cycles of 94-C 30 s, 56-C 30 s, 72-C 45 s and
a final extension step of 72-C for 7 min for Catnbtm2Kem and
95-C–4 min, {98-C–20 s, 65-C–1 min} 30, 72-C–7 min
for Catnblox(ex3). A minimum of 4 lacrimal glands were
examined for each age and genotype.Results
Canonical Wnt signaling is present throughout mouse lung
development
A number of Wnt genes have been found to be
expressed in the lung (references in Table 1). To provide
a functional read-out of active canonical Wnt signaling, we
made use of two separate transgenic reporter mouse lines
(DasGupta and Fuchs, 1999; Mohamed et al., 2004). The
TOPGAL reporter line was constructed using a promoter
consisting of three consensus LEF-1/TCF binding sites
attached to a minimal c-Fos promoter used to drive
transcription of the lacZ gene. Similarly, the Wnt respon-
sive reporter mice were constructed by cloning six copies of
the LEF/TCF response element (CCTTTGATC) into a
plasmid containing the hsp68 minimum promoter driving a
lacZ reporter gene. Since h-catenin interacts with LEF-1/
TCF complexes within the nucleus to activate transcription
of downstream targets of Wnt signaling, these mouse
reporters can be used to analyze sites of active Wnt signaling
within the embryo.
X-gal staining was carried out on isolated mouse lungs at
different developmental stages. We observed lacZ expres-
sion in the lungs of TOPGAL mice at all stages examined
(Figs. 1a–f). Within the proximal airways, expression was
observed in the trachea as well as in the bronchi and
bronchioles. In addition, expression was observed in the
mesenchyme surrounding the trachea, this expression was
particularly strong at E11.5 (Fig. 1a), though at later stages,
expression in the tracheal mesenchyme diminished.
In both reporter lines, lacZ expression appeared to be
mostly confined to the epithelium (Figs. 1a–h), and this
pattern was confirmed in sections of lungs from Wnt
responsive reporter embryos at E12.5 (g) and E15.5 (h),
suggesting that this is the site of canonical Wnt signaling
during lung development. Both Wnt responsive reporter and
TOPGAL mice showed a difference in proximal–distal lacZ
expression with the highest levels of expression being
restricted to sites of active branching, i.e. the distal tips of
epithelial branches (Figs. 1a,d,e). This pattern of proximal–
distal expression was observed from the onset of branching
morphogenesis and throughout the pseudoglandular phase
of development when the prospective bronchial and
respiratory systems are formed. Beyond E16.5, when the
canalicular phase of development commences and epithelial
cells differentiate into distinct cell populations, the expres-
sion levels of lacZ in the distal epithelium are reduced,
and sections of E17.5 Wnt responsive reporter lungs
Fig. 1. Wnt signaling is detected throughout lung embryogenesis. Lungs from TOPGAL reporter mice were stained for lacZ expression to reveal the
localization of Wnt signaling at E11.5 (a, d), E13.5 (b, e) and E16.5 (c, f). The strongest expression of lacZ was observed in the distal tips (D) of the branching
epithelium, while expression was weaker in more proximal areas (P). Strong expression was also present in the epithelium and mesenchyme of the trachea (T).
Detailed analysis of sections of lungs fromWnt responsive reporter mice reveals that expression in the distal branches is restricted to the epithelium at E12.5 (g)
and E15.5 (h). By E17.5, expression is only detected in the mesothelium (i). Lungs were stained with X-gal to reveal LacZ expression and then paraffin
embedded, 4 AM sections were cut and counterstained with nuclear fast red.
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This dynamic pattern of expression suggests that, in
common with other key mediators of branching morpho-
genesis such as Fgf10 and Bmp4, canonical Wnt signaling
plays a crucial role in establishing the primitive respiratory
tree.
Multiple Wnt genes are expressed in the lacrimal gland
The lacrimal gland provides an excellent alternative
model to study the process of branching morphogenesis as it
is easily accessible, being situated under the skin near the
eye, and its function is not critically required in the embryo
or adult. We analyzed Wnt gene expression in the lacrimal
gland since this had not been done previously. Unfortu-
nately, we could not detect lacZ expression in the lacrimal
glands of TOPGAL or Wnt responsive reporter mice. This
may be due to the way in which these reporter lines are
constructed or may reflect a sensitivity issue. We did
observe marked differences between these two reporter
lines, for example, TOPGAL reporter activity is not present
or is only present at very low levels in other tissues in which
Wnt signaling is known to be required including the kidneyand dorsal neural tube, whereas Wnt responsive reporter
activity is prominent in these tissues. Therefore, we under-
took an RT-PCR screen to look for expression of Wnt
mRNAs in mouse lacrimal gland morphogenesis. RT-PCR
was carried out on E15.5, E18.5 and newborn lacrimal gland
cDNA, using specific primers for individual Wnts. Our
analysis revealed expression of several Wnt mRNAs in the
lacrimal gland (Table 1), and their gene products have been
classified in either the canonical (c) or non-canonical (nc)
Wnt pathways. We also carried out wholemount in situ
hybridization for Wnt2 in the lacrimal gland (Figs. 2a, b)
and found that Wnt2 is expressed in the mesenchyme (Fig.
2a), in agreement with the expression pattern previously
reported in the lung (Bellusci et al., 1996). Furthermore,
many of the Wnts found to be expressed in the lacrimal
gland had previously been identified in the lung (references
in Table 1), indicating the possibility of conserved functions
of these genes in branching morphogenesis. As further
evidence of the importance of canonical Wnt signaling in
lacrimal gland development, we also analyzed h-catenin
protein expression in the lacrimal gland. At the onset of
branching morphogenesis, E15.5, nuclear h-catenin was
observed in the nuclei of both epithelial and mesenchymal
Fig. 2. Components of the canonical Wnt signaling pathway are expressed in the lacrimal gland. Wnt2 is expressed in the lacrimal gland mesenchyme.
Expression was detected by wholemount in situ hybridization on E16.5 lacrimal glands using an antisense probe (a): control sense probe is shown in (b).
Immunohistochemistry reveals nuclear h-catenin protein in the lacrimal gland. 7 AM sections of lacrimal gland at E15.5 show nuclear expression in the early
epithelium and in the mesenchyme. (c, e–g) High magnification images of nuclear h-catenin in E15.5 lacrimal gland stained with anti-h-catenin (e) or
OliGreen (f). The merged view in panel (g) shows overlapping expression of h-catenin with OliGreen in the nuclei of many mesenchymal cells. No nuclear h-
catenin expression is observed in sections of newborn (NB) lacrimal gland (d), expression is restricted to the adherens junctions.
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mesenchymal staining was no longer observed (Fig. 2d).
Activation of canonical Wnt signaling inhibits branching
morphogenesis
In this paper, we have focused on defining the function of
canonical Wnt signaling in lung and lacrimal gland
development. As a first step, lung and lacrimal gland
explants were cultured in the presence of Wnt3a, which is a
member of the FWnt1 family_, and, as such, it is capable of
activating the canonical pathway (Chu et al., 2004; Lyu and
Joo, 2004; Roman-Roman et al., 2004; Shibamoto et al.,
1998; Willert et al., 1999). Lung and lacrimal glands from
embryonic day 11.5 (E11.5) and E15.5 mouse embryos,
respectively, were dissected and cultured on filters in control
medium or Wnt3a conditioned medium for 48 h. Wnt3a
treatment led to a reduction in the number of epithelial
branches formed (Fig. 3). A 1:2 concentration of Wnt3a
conditioned medium resulted in a 40% (P = 0.001)
reduction in the number of branches in lacrimal gland
explants (Fig. 3e) and a 22% (P = 0.002) reduction in lung
explants (Figs. 3b, e). The effect of Wnt3a conditionedmedium was dose-dependent since a lower 1:5 concen-
tration of Wnt3a conditioned medium resulted in the
formation of more branches than in the higher Wnt3a
concentration, although the numbers were still less than
those observed with control conditioned medium (Figs. 3a, e)
(P = 0.027 lacrimal gland, P = 0.084 lung, a consistent
though not statistically significant result for the lung at the
1:5 dilution).
Both the control and Wnt3a conditioned medium
contain serum which is required for the survival of the
stably transfected L-cells. Therefore, to examine the effect
of Wnt signaling on branching morphogenesis in the
absence of serum, we carried out explant cultures in
defined medium alone or with the addition of 20 mM
lithium chloride (LiCl). LiCl mimics canonical Wnt
signaling by inhibiting the serine/threonine phosphoryla-
tion activity of GSK3h (Chu et al., 2004; Gonzalez-
Sancho et al., 2004; Shin et al., 2004; Sinha et al., 2005).
The addition of LiCl to explant cultures caused a dramatic
decrease in the number of branches formed. In the lacrimal
gland, 50% (P  0.001) fewer branches were formed
(Figs. 4a, b, k, l, j), whereas, in the lung, a 70% (P 
0.001) reduction was observed (Figs. 4e, f, j). Since LiCl
Fig. 3. Wnt3a conditioned medium results in a dose-dependent inhibition of branching morphogenesis. Explants of E11.5 lung (a, b) and E15.5 lacrimal gland
(data not shown) were cultured for 48 h in the presence of control L-cell conditioned medium (a), Wnt3a conditioned medium diluted 1:2 (b) or Wnt3a
conditioned medium diluted 1:5 (data not shown). Explants were immunostained with a pan-cytokeratin antibody to mark the epithelium. Panel (e) shows the
mean number of epithelial branches in lung (red) and lacrimal gland (green) explants at 48 h. P2 lacrimal glands from (d) h-catenin gain-of-function (lox/ex3)
and (c) wild-type littermates (+/+) were dissected and stained with Nile blue to mark epithelial tissue.
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labeled sections of lung and lacrimal gland post-explant
with Hoechst dye and counted the number of fragmented
(apoptotic) nuclei observed as a percentage of the total
nuclei (Figs. 4k–n). At 20 mM LiCl concentration, we
found no significant difference in the percentage of
apoptotic cells. We also carried out a dose response curve
to show that lower concentrations are still able to
significantly inhibit branching [at 10 mM P = 0.001 for
lung and P = 0.002 for lacrimal gland (Fig. 4q)]. These
results show that canonical Wnt signaling inhibits branch-
ing morphogenesis of the lung and lacrimal gland.
To confirm these results in vivo, we conditionally
expressed an activated form of h-catenin in the lacrimal
gland epithelium prior to the onset of branching morpho-
genesis (lox(ex3), see Materials and methods). We comparedthese mice to wild-type littermates at post-natal day 2 (P2). In
agreement with the organ culture data, this activation of the
Wnt pathway resulted in a dramatic inhibition of branching
morphogenesis. Nile blue staining revealed an absence of
epithelium in stabilized h-catenin glands (lox(ex3), Fig. 3d)
in stark contrast to wild-type littermates (+/+, Fig. 3c),
suggesting that the inability to modulate canonical Wnt
signaling inhibits development of the lacrimal gland epithe-
lium (see Discussion).
Knockdown of b-catenin with antisense morpholinos results
in ectopic branching morphogenesis
As a further assessment of the function of Wnts in
branching morphogenesis, we knocked down the signaling
function of h-catenin using morpholino antisense oligo-
Fig. 4. Canonical Wnt signaling inhibits lung and lacrimal gland branching morphogenesis. Explants of E15.5 lacrimal gland (a, b, c, d) and E11.5 lung (e, f, g, h)
were cultured for 48 h in either defined medium (a, e), LiCl (b, f), control morpholino (c, g) or h-catenin morpholino (d, h). Explants were immunostained with
a pan-cytokeratin antibody to mark the epithelium. (j) Graphical representation of the average number of epithelial branches in lacrimal gland (green) and lung
(red) explants for each treatment following 48 h in culture. Sections of lacrimal gland labeled with Hoechst (k, l) and lung labeled with DAPI (m, n) following
culture for 48 h in defined medium (k), LiCl (l), control morpholino (m) or h-catenin morpholino (n). Lungs obtained from E12.5 Wnt responsive reporter mice
stained with X-gal show reduced lacZ expression following culture with h-catenin antisense morpholino (p) compared to control morpholino (o). (q) A dose
response curve showing the effect of different concentrations of LiCl on the number of epithelial branches formed following 48 h of cultures of lacrimal gland
(green) and lung (red).
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des bind to the translational start site of the target gene
and block subsequent translation of the protein, thusleading to a knockdown of the particular protein of
interest (Heasman et al., 2000). Morpholinos have been
used successfully when injected into Xenopus and zebra-
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morpholinos have been used to knock down protein
expression in explant culture (Prasadan et al., 2002). Lung
and lacrimal glands from embryonic day 11.5 (E11.5) and
E15.5 mouse embryos, respectively, were dissected and
cultured on filters in defined medium with 1 AM of either
control morpholino or h-catenin morpholino for 48 h. The
total number of branches in control and h-catenin
morpholino treated explants was counted and compared.
Treatment with h-catenin morpholino resulted in a striking
increase in the number of branches formed. Compared to
control morpholino (Fig. 4j), h-catenin knockdown
increased branching of the lacrimal gland by 29% (P =
0.013, Figs. 4c, d) and the lung explants by 26% (P =
0.004, Figs. 4g, h). These results again indicate that the
normal function of h-catenin signaling is to repress
branching morphogenesis of the lung and lacrimal gland.
To show that the h-catenin morpholinos were capable of
specifically reducing Wnt signaling, Wnt responsive
reporter lungs were obtained from heterozygous crosses
and cultured with control (Fig. 4o) or h-catenin morpho-
linos (Fig. 4p). Although the results were somewhat
variable, possibly due to the stability of lacZ, the majority
of lungs treated with h-catenin morpholinos showed lower
levels of lacZ than those treated with control morpholino.
We also looked at h-catenin protein expression following
lung explant culture and found a clear reduction in h-
catenin protein levels following treatment with h-catenin
morpholinos (Fig. 6b) compared to control morpholino
treated lungs (Fig. 6a).
In addition to morpholino knockdown experiments, we
also deleted h-catenin from the lacrimal gland epithelium
(Fig. 5). To do this, we conditionally knocked out h-
catenin in the conjunctival epithelium from which the
primary bud of the lacrimal gland develops. Surprisingly,
this leads to a complete absence of epithelium while the
mesenchyme appeared unaffected (flx/flx, Fig. 5b). A more
detailed analysis of lacrimal gland formation in sections of
h-catenin-null embryos showed that, although the pre-
sumptive lacrimal gland was able to form, as shown by the
presence of the lacrimal gland epithelial marker Pax6 at
E13.5 (data not shown), the lacrimal gland proper did notFig. 5. Conditional deletion of h-catenin leads to a loss of epithelial
branches. Lacrimal glands from E18.5 (a) wild-type (+/+), (b) h-catenin-
null (flx/flx) and (c) h-catenin single floxed allele (flx/+) mice were
dissected and photographed using a Leica microscope and digital camera.form and the epithelial component was completely absent
at E16.5 (compare Figs. 6e, g). One explanation for the
difference in phenotypes following morpholino treatment
versus conditional knockout is that, in the latter case,
deletion of all h-catenin in the epithelium disrupts both
Wnt signaling and adherens junction functions. Loss of
adherens junctions would affect epithelial integrity and
hence could lead indirectly to a reduction or loss of
epithelial branching. It has been previously reported that,
in some cases, plakoglobin is able to substitute for h-
catenin at the cell junctions upon its deletion, and therefore
intact adherens junctions are retained (Huelsken et al.,
2000). To understand whether the complete lack of
epithelial growth which we observed in the h-catenin-null
lacrimal glands could be due to disruption of adherens
junctions resulting in a complete failure of lacrimal gland
branching, we carried out a detailed analysis of plakoglo-
bin expression in presumptive and early lacrimal gland of
h-catenin-null and wild-type littermates. Sections through
the heads of h-catenin-null flx/flx and wild-type embryos
were immunostained for plakoglobin at both E13.5 and
E16.5. Plakoglobin expression was observed in both the
presumptive lacrimal gland and in surrounding tissues at
E13.5 (data not shown). Expression was also present in
sections of the same region of E16.5 wild-type (Fig. 6f)
and flx/flx embryos (Fig. 6h). Thus, it appears that, in the
absence of h-catenin, the lacrimal gland is unable to form,
and this is likely due to disruption of adherens junctions.
Furthermore, it appears that, in the lacrimal gland,
plakoglobin is not able to substitute for h-catenin.
Knockdown of b-catenin with antisense morpholinos does
not grossly perturb adherens junctions
To study the effects of morpholino oligonucleotides
against h-catenin on the adherens junction, we performed
immunohistochemistry for junctional h-catenin. We also
examined cadherin expression to test the specificity of the
knockdown and in addition to check the integrity of the
adherens junctions. Morpholinos are able to easily pene-
trate both the epithelium and the mesenchyme within lung
and lacrimal gland explants (see Materials and methods).
Consequently, the levels of the targeted protein are reduced
in both tissues simultaneously, making this experimental
approach highly advantageous for studying gene function
in branching morphogenesis. Sections through the control
and treated explants consistently showed lower levels of h-
catenin protein expression following h-catenin morpholino
treatment (Fig. 6b) as compared to the control morpholino
(Fig. 6a). Examination of junctional h-catenin revealed
that, although a decrease was observed, this decrease was
not as dramatic as that of cytoplasmic and nuclear h-
catenin. This was expected since junctional proteins are
thought to be particularly stable, whereas cytoplasmic h-
catenin is rapidly turned over. To confirm that the use of
morpholinos leads to a specific knockdown of h-catenin,
Fig. 6. Separating the signaling and adherens junction functions of h-catenin. 7 AM sections of lacrimal gland treated with control morpholinos (a, c) or h-
catenin morpholinos (b, d) were immunostained with either h-catenin (a, b) or pan-cadherin (c, d) antibodies. Sections through the heads of E16.5 wild-type
(e, f) and h-catenin-null (flx/flx) littermates (g, h) were triple labeled for either Pax6 (red), phalloidin (green) and Hoechst (blue) (e, g) or plakoglobin (red),
phalloidin (green) and Hoechst (blue) (f, h). In wild-type littermates, the lacrimal gland is clearly visible between the arrowheads and is bordered by the dermis
(der) and the masseter muscle (mm). Glands were labeled with either Pax6 to mark the lacrimal gland epithelium (e, g) or with plakoglobin (f, h). Pax6 staining
is not observed in the same region of flx/flx embryos due to the absence of a lacrimal gland (g), however, plakoglobin expression is still detected (h).
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a pan-cadherin antibody (Figs. 6c, d). We did not observe
any difference in cadherin expression between h-catenin
morpholino and control morpholino treated explants,
illustrating the specificity of the knockdown. Thus, the
h-catenin morpholino can serve to knockdown the signal-
ing function of h-catenin without grossly altering its role
in the adherens junction.Wnt signaling suppresses proliferation during branching
morphogenesis
Branching morphogenesis in the lung and lacrimal gland
occurs as a result of a combination of morphogenetic
movements and cell proliferation. Since Wnt signaling leads
to the suppression of branch growth, we hypothesized that
this could be due to a lack of proliferation. To address this
C.H. Dean et al. / Developmental Biology 286 (2005) 270–286280question, sections of both lung and lacrimal gland were
immunostained with an antibody to phospho-histone H3
(pH3) to mark proliferating cells following 48 h in culture
with either defined medium, 20 mM LiCl or 1 AM h-catenin
morpholino. A minimum of 4 explants were sectioned for
each condition, and the number of proliferating cells was
expressed as a percentage of the total cell number as
assessed by Hoechst labeling. A minimum of 8 sections
were counted from each explant. LiCl treatment caused a
significant reduction in the percentage of proliferating cells,
46% (P = 0.023) for lacrimal gland (Figs. 7a, c, d) and 20%
(P = 0.009) for lung (Fig. 7a). In contrast, treatment with h-
catenin morpholino resulted in an increase in the number of
proliferating cells, 25% for lacrimal gland (Fig. 7a) (P =
0.009) and 40% for lung (P = 0.001) (Figs. 7a, e, f).
Knockdown of b-catenin in the lacrimal gland causes
upregulation of Fgf10
In an effort to understand the molecular mechanisms
underlying the inhibition of branching morphogenesis by
canonical Wnt signaling, we looked for possible interactions
between Wnt activity and other known mediators of
branching morphogenesis.
FGF10 is required for growth and proliferation of the
epithelium in many branching structures (Ohuchi et al.,Fig. 7. Wnt signaling inhibits lung and lacrimal gland proliferation and suppresses
number of proliferating cells in the lacrimal gland (green) and lung (red) following
assessed by Hoechst labeling of all nuclei. (b) The percentage of proliferating cell
gland explants treated for 48 h in the presence of defined medium, 100 ng/ml BMP
and mesenchyme are expressed separately. (c– f) Representative examples of data s
(c, d) and E11.5 lung (e, f) explants treated with: defined medium (c), 20 mM LiC
were stained with an antibody against pH3 to mark proliferating cells.2000, Sekine et al., 1999). It is expressed in the mesen-
chyme where it is localized immediately adjacent to the
distal tips of newly forming buds, and it acts as an inducer
of bud outgrowth (Bellusci et al., 1997). To understand if
Wnt signaling could influence Fgf10 expression during
branching morphogenesis, we compared the levels of Fgf10
mRNA expression in control morpholino and h-catenin
morpholino treated lacrimal gland sections. We observed a
distinct increase in the levels of Fgf10 expression in
h-catenin morpholino treated sections compared to controls
(Figs. 8a, b), indicating that Wnt signaling can negatively
regulate Fgf10 expression. We also carried out semi-
quantitative RT-PCR for Fgf10 following culture of lungs
with either control or h-catenin morpholinos, and we again
observed an increase in Fgf10 expression upon h-catenin
morpholino treatment (Fig. 8e). These results correlate with
the increase in branch number we observed following
h-catenin knockdown and correspond with the known role of
FGF10 in positively regulating branching morphogenesis.
Wnt signaling suppresses BMP-induced proliferation in the
lacrimal gland
Previous studies have shown that BMP7 induces
proliferation of lacrimal gland mesenchyme in a dose-
dependent manner, similar to that observed in the kidneyBMP7 induced proliferation in the lacrimal gland. (a) The graph shows the
the indicated treatments expressed as a percentage of the total cell number as
s, calculated as in panel (a), obtained from 7 AM sections of E15.5 lacrimal
7, 20 AM LiCl or 100 ng/ml BMP7 and 20 mM LiCl. Data for the epithelium
hown in the graphs. 7 AM sections were obtained from E15.5 lacrimal gland
l (d), control morpholino (e) or h-catenin morpholino (f) for 48 h. Sections
Fig. 8. Knockdown of h-catenin protein expression in the epithelium and mesenchyme leads to increased Fgf10 expression, whereas conditional deletion of h-
catenin in the epithelium only does not. 7 AM sections of control morpholino (a) and h-catenin morpholino (b) treated lacrimal gland explants cultured for 48 h
were mounted onto the same slide. Additional slides were prepared with sections of E18.5 lacrimal glands from wild-type (c, +/+) and h-catenin single floxed
allele mice (d, flx/+). The slides were subjected to in situ hybridization for Fgf10. The highest levels of Fgf10 expression (red arrows) are in the mesenchyme
immediately adjacent to the epithelium (green, e). (e) Semi-quantitative RT-PCR for Fgf10 was performed on cDNA obtained from E11.5 lung explants
cultured for 48 h in control morpholino (CTRL) or h-catenin morpholino (h-catenin). Equal quantities of cDNAwere used as confirmed by simultaneous RT-
PCR for Gapdh.
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understand how Wnt signaling might interact with BMP
signaling in branching morphogenesis, we tested the
combined effects of Wnt and BMP signaling on prolifer-
ation of the lacrimal gland. Lacrimal gland explants were
grown for 48 h in either defined medium alone or media
containing one of the following growth factor combinations:
BMP7, LiCl, or BMP7 and LiCl. The glands were sectioned
and immunostained for pH3. In order to show clearly which
cells were responding, proliferation in the mesenchyme and
epithelium was scored separately (Fig. 7b). Our results
showed that BMP7 acts as a positive inducer of proliferation
in both the epithelium (33% increase, P = 0.001) and the
mesenchyme (36% increase, P = 0.001) As shown
previously, the activation of Wnt signaling by the addition
of LiCl to explants led to an inhibition of proliferation (50%
reduction in epithelium, P  0.005, and 37% reduction in
mesenchyme, P = 0.001). Most interestingly, when both
LiCl and BMP7 were added to cultures together, there was
an inhibition of BMP-induced proliferation (36% decrease
in epithelium relative to BMP7 alone, P = 0.002, and 46%
reduction in the mesenchyme, P  0.001), indicating that
Wnt signaling is able to repress BMP-induced proliferation
in the lacrimal gland (Fig. 7b).Discussion
Canonical Wnt signaling inhibits lung and lacrimal gland
branching morphogenesis
Wnt secreted glycoproteins have been shown to func-
tion during the development of several branching systems
such as the kidney (Perantoni, 2003) and the mammary
gland (Hatsell et al., 2003) and are expressed at many sites
of epithelial–mesenchymal interactions including the
uterus (Mericskay et al., 2004) and the pancreas (Heller
et al., 2002). We compared Wnt gene expression in the
lung and the lacrimal gland and found many of the
same family members expressed in both, suggesting
possible conserved functions in lung and lacrimal gland
development.
To further investigate Wnt signaling in branching mor-
phogenesis, we made use of TOPGAL and Wnt responsive
reporter mice. These canonical Wnt reporters revealed Wnt
activity in the lungs during the time in which the
primitive respiratory tree is being established (Affolter et
al., 2003; Hogan, 1999). In addition to the trachea, the
highest levels of signaling were observed at the distal tips
of the growing lung buds which are the sites of active
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stand whether Wnt signaling is a key regulator of the
branching process.
During the course of our studies, several other groups
also investigated the function of canonical Wnt signaling in
lung development using different methods (De Langhe et
al., 2005; Mucenski et al., 2003; Okubo and Hogan, 2004).
Interestingly, all of these studies reached somewhat different
conclusions regarding the consequences of canonical Wnt
signaling on lung development, indicating the complexity of
this issue.
In our study of the role of canonical Wnt signaling, we
cultured lung and lacrimal gland explants in the presence of
either Wnt conditioned medium (Fig. 3) or lithium chloride
(Fig. 4), which results in activation of Wnt signaling. In
addition, we examined the effect of conditionally over-
expressing h-catenin in the lacrimal gland epithelium (Fig.
3). In all three cases, Wnt signaling strongly suppressed
branching morphogenesis and caused a decrease in the
number of branches formed. As a further test of the negative
influence of Wnt signaling on branching, we knocked down
h-catenin expression with morpholino oligonucleotides.
This resulted in a significant increase in the number of
branches formed in the lacrimal gland and in the lung
(Fig. 4). Taken together, our gain and loss of function
studies provide evidence that canonical Wnt signaling
inhibits branching morphogenesis.
Wnts inhibit proliferation of the lung and lacrimal gland
Proliferation is essential for growth and patterning of
branching systems, and a combination of positive and
negative regulators is required to establish the correct size
and shape of these epithelial structures. Members of the
FGF and BMP growth factor families have pivotal roles in
establishing the 3D pattern that is essential to branching
morphogenesis. FGF-10 expressed in the mesenchyme acts
in a paracrine manner to induce epithelial proliferation, and
this mechanism is conserved in many different branching
systems including the lung and lacrimal gland (Bellusci et
al., 1997; Makarenkova et al., 2000). BMPs are also
inducers of epithelial proliferation in both the lung and the
lacrimal gland (Dean et al., 2004; Shi et al., 2001).
Wnts are known to regulate growth by influencing cell
proliferation. Depending on the tissue and the local environ-
ment, Wnts can either promote or suppress proliferation
(Bradley and Brown, 1995; Li et al., 2002; Olson and
Papkoff, 1994; Reya et al., 2000; Ross et al., 2000). In
addition, Wnts have been shown to regulate proliferation
through both canonical and non-canonical intracellular
signaling pathways (Murray et al., 1999). Wnt5a and Wnt7b
can both regulate cell proliferation in the lung (Li et al.,
2002; Shu et al., 2002), though which intracellular signaling
pathway is used is unclear.
Our data show that, in both the lung and the lacrimal
gland, canonical Wnt signaling negatively regulates pro-liferation (Fig. 7). This indicates that Wnts inhibit branching
morphogenesis at least in part by controlling proliferation.
Furthermore, our experiments indicate that Wnt acts by
regulating the activity of BMP and FGF10, both positive
regulators of lung and lacrimal gland branching. We show
that Wnt signaling can suppress the ability of exogenously
added BMP to induce proliferation of lacrimal gland.
Moreover, loss of Wnt signaling following h-catenin
morpholino treatment leads to an increase in Fgf10
expression. Thus, Wnts help to establish the overall balance
of epithelial growth during branching morphogenesis by
negatively regulating proliferation, at least in part through
its influence on BMP and FGF function.
Interestingly, our results are consistent with the pheno-
type observed in lungs of Wnt5a-null mice where there is an
increase in the number of distal branch points and an
increase in proliferation (Li et al., 2002). Wnt5a is one of the
few Wnts that is expressed in both the lung epithelium and
mesenchyme. In contrast, deletion of Wnt7b, which is
expressed solely in the lung epithelium, does not lead to an
increase in branch numbers but does affect differentiation of
epithelial cells as well as proliferation and differentiation of
the mesenchyme (Shu et al., 2002).
Complexity of Wnt functions in the epithelium, mesenchyme
and adherens junctions
Many Wnt genes are expressed in the mammalian lung,
but their role in lung development has only recently began
to be investigated. Homologous recombination to delete a
single Wnt family member such as Wnt5a or Wnt7b has
revealed roles in distal lung development, proliferation and
vascularization (Li et al., 2002; Shu et al., 2002). Yet, Wnts
often have overlapping expression patterns, and they may
have redundant functions. For example, Wnt2 is highly
expressed in the lung, however, Wnt2-null mice do not
show lung defects, which could be due to its overlapping
expression with Wnt11 and Wnt2b (Lako et al., 1998; Lin
et al., 2001; Monkley et al., 1996). Conditional deletion of
h-catenin has the advantage of disrupting all canonical Wnt
signaling. However, this also removes h-catenin from the
membrane where it interacts with cadherins, particularly in
the adherens junctions, and hence disrupts epithelial
function. Therefore, the loss of adherens junction activity
with its subsequent effects on epithelial integrity could
complicate the interpretation of results obtained by h-
catenin deletion. Indeed, we propose that the difference in
phenotypes which we observed following morpholino
treatment or conditional knockout is that deletion of all
h-catenin causes a loss of epithelial branches primarily due
to disruption of adherens junctions rather than loss of h-
catenin signaling function. In contrast to previous reports
(Huelsken et al., 2000), our experiments show that, despite
the presence of plakoglobin in and around the forming
lacrimal gland, it is not able to substitute for h-catenin at
the adherens junctions. Interestingly, this also seems to be
Fig. 9. A model for the function of canonical Wnt signaling in the
regulation of bud size and shape. Fgf10 (red) in the mesenchyme is
upregulated around the site of new bud growth and induces epithelial
growth and proliferation. BMPs (blue) also regulate growth by inducing
proliferation, particularly at the growing tips of the epithelium. Canonical
Wnt signaling (yellow/orange) is localized in the epithelium immediately
adjacent to the mesenchyme with highest levels observed distally. The
region of BMP expression (blue) overlaps with that of the highest levels of
Wnt signaling (orange) found at the distal tips and is therefore represented
in our model by a mixture of these two colors, i.e. green. Wnt signaling
suppresses epithelial growth and proliferation and is capable of modulating
the Fgf10 expression and the activity of BMPs. We therefore propose that
Wnt signaling provides a counterbalance to FGFs and BMPs, thereby
imposing control of branch shape and size.
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our morpholino knockdown experiments, we observe a
reduction in cytoplasmic and nuclear Wnt protein, but
junctional h-catenin is not overtly affected nor is epithelial
integrity (Fig. 6) probably because junctional h-catenin is
more stable than the cytoplasmic fraction (Huber et al.,
2001). We have shown that, following h-catenin morpho-
lino treatment, there is increased branching, and, in Wnt
treated explants, there is decreased branching. We interpret
this to mean that, in the presence of an intact epithelium,
canonical Wnt signaling negatively regulates epithelial
branching. Importantly, our study allows an assessment of
the function of canonical Wnt signaling in branching
morphogenesis without substantial effect on adherens
junction functions.
An additional difference between the deletion of
h-catenin in the epithelium and the morpholino treatment
is that, in the former, the potential for Wnt signaling in
the mesenchyme is still intact and hence the functions of
Wnt signaling in branching morphogenesis may not be
fully revealed. In the latter, Wnt signaling is reduced in
both the epithelium and the mesenchyme. Although
analysis of reporter mice reveals that the epithelium is
the major site of canonical Wnt signaling during lung
development, it is known that several Wnts and other
components of the canonical Wnt signaling pathway are
expressed in the lung mesenchyme (De Langhe et al.,
2005; Tebar et al., 2001). In this study, we have also
shown expression of Wnt2 in the lacrimal gland mesen-
chyme (Fig. 2). Moreover, our results show that changes
in the levels of proliferation in response to perturbation of
Wnt signaling occur in the mesenchyme as well as in the
epithelium (Figs. 7a, c–f). The fact that our data and other
evidence demonstrate that perturbations in Wnt signaling
affect both the mesenchyme and the epithelium and yet
we were unable to detect the presence of Wnt signaling in
the distal mesenchyme of reporter mice leads us to
suggest the following two possibilities. First, it is possible
that these reporters are not faithful read-outs of Wnt
signaling. Indeed, we and others have observed distinct
differences in the spatial and temporal patterns of reporter
expression between these two lines in various embryonic
tissues. Second, it is possible that the effects of Wnt signaling
on the mesenchyme are indirect and are mediated via changes
in the epithelium.
To further compare the morpholino knockdown of h-
catenin with the conditional deletion in the lacrimal gland
epithelium, we also examined the number of branches
formed in lacrimal glands where a single copy of h-catenin
was deleted (flx/+ Fig. 5c), thereby resulting in reduced
levels of h-catenin expression, compared to wild-type.
Unexpectedly, we found that instead of leading to an
increase of branches there were approximately 50% fewer
branches than in wild-type (+/+) lacrimal glands (Figs. 5a,
c). Since the major difference between these two exper-
imental methods is that the conditional deletion of h-cateninis epithelial specific and therefore any Wnt signaling in the
mesenchyme remains unaltered, we looked at the levels of
Fgf10 expression in the mesenchyme of these lacrimal
glands. We found that Fgf10 RNA in the h-catenin flx/+
lacrimal glands was similar to or reduced compared to wild-
type (+/+) mesenchyme (Figs. 8c, d). In contrast, knock-
down of Wnt signaling with h-catenin morpholinos leads to
an increase in Fgf10 expression in both the lung and the
lacrimal gland (Figs. 8a, b, e), Importantly, this result shows
that, by using morpholinos, Wnt signaling is affected in both
the epithelium and the mesenchyme, and this results in a
different phenotype than the partial deletion of h-catenin in
the epithelium alone. It is also interesting to note that Shu et
al. (2002) observed that deletion of Wnt7b, which is only
expressed in the epithelium of lung, did not lead to altered
expression of Fgf10, whereas deletion of Wnt5a which is
expressed in both the epithelium and the mesenchyme leads
to an upregulation of Fgf10. This is consistent with the idea
that Wnt signaling in the mesenchyme is required to
regulate FGF-10. The differences in phenotype which we
observed upon conditional ablation of h-catenin in the
lacrimal gland and knockdown with morpholinos highlight
the complexities underlying experiments in which signaling
is affected in one or both tissues, as well as possible changes
in the integrity of the tissue and the subsequent interpreta-
tion of the results.
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regulation of bud size during branching morphogenesis
Establishing the precise size and shape of the epithelium
is crucial to enable branched structures to function
efficiently. It is not surprising therefore that this growth
must be tightly regulated and that multiple factors can
influence it. Several recent papers have highlighted the role
of Wnt signaling in shaping different tissues. In Drosophila
wing development, the Wnt orthologue, wingless helps to
shape the wing by constraining growth and sculpting its
ultimate size and shape (Johnston and Sanders, 2003). In
addition, studies in both the mouse pituitary gland and the
chicken liver have shown that Wnts are required to regulate
the overall size and shape of these structures (Cha et al.,
2004; Suksaweang et al., 2004). Here, we have shown that
canonical Wnt signaling represses growth and proliferation
of both the lung and the lacrimal gland. Furthermore, we
have shown that Wnt signaling can suppress BMP-induced
proliferation, and it causes a decrease in Fgf10 expression.
We propose a model of branching morphogenesis (Fig. 9)
whereby the size and shape of growing buds are tightly
controlled by a combination of positive regulators (FGFs
and BMPs) and negative regulators (WNTs). In our model,
FGF-10 is upregulated in the mesenchyme around the site of
a new bud, and this induces growth and proliferation of the
epithelium. BMPs also stimulate epithelial growth, partic-
ularly at the tips of growing buds. High levels of Wnt
signaling, present at the distal tips of newly formed buds,
negatively regulate growth and proliferation and provide a
counterbalance to FGF and BMP signals. This combination
of factors imposes the precise regulation required to
determine the size and shape of the epithelium during
branching morphogenesis.
Two primary conclusions can be drawn from the study
presented here. First, canonical Wnt signaling plays a
crucial role in the negative regulation of branching morpho-
genesis. Second, the extent of branching morphogenesis is
driven by reciprocal signaling interactions between the
epithelium and the mesenchyme, and hence it is important
to assess the effects on both of these tissues at the same time
rather than in isolation.Acknowledgments
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